We introduce a method to measure hydrogen exchange rates based on the observation of the coherence of a neighboring spin S such as 15 N that has a scalar coupling J IS to the exchanging proton I. The decay of S x coherence under a Carr-Purcell-Meiboom-Gill (CPMG) multiple echo train is recorded in the presence and absence of proton decoupling. This method allows one to extract proton exchange rates up to 10 5 s À1 . We could extend the pH range for the study of the indole proton in tryptophan, allowing the determination of the exchange constants of the cationic, zwitterionic, and anionic forms of tryptophan. Ó 2006 Elsevier Inc. All rights reserved.
Nuclear magnetic resonance is a powerful tool to investigate hydrogen exchange [1] . Slow exchange rates can be measured by following in real time the replacement of hydrogen by deuterium [2] . Several methods have been developed to study fast and intermediate exchange, such as the analysis of the line-shape of exchanging protons [3] , polarization transfer from the water resonance [4] , decorrelation of longitudinal two-spin order [5] or measurements of translational diffusion coefficients [6] . Under favorable conditions, these methods allow one to measure rates up to a few thousand s À1 . It is also possible to investigate the line-shape of a coupled nucleus, which is affected by scalar relaxation of the second kind [7] . For small exchange rates, the spectra feature doublets separated by the scalar coupling constant J IS , while in the limit of fast exchange the doublet collapses to a narrow singlet by a process called self-decoupling. Neglecting cross-correlated relaxation effects, the evolution of an initial in-phase coherence of a spin S such as 15 N coupled to an exchanging proton 1 H with spin I can be obtained by solving the Liouville equation where v = k/2 and u ¼ ðv 2 À p 2 J 2 IS Þ 1=2 , k = k ex + R(2S x I z ) À R(S x ), R(S x ) and R(2S x I z ) are the auto-relaxation rates of S x and 2S x I z , while k ex is the exchange rate. In order to extract k, one can compare spectra recorded with and without proton decoupling [8] . However, in this case, long-range couplings n J I 0 S with n > 1 will also contribute to the undecoupled line-width, which can lead to erroneous measurements of fast exchange rates close to the selfdecoupling limit. In order to eliminate these long-range couplings we propose to use a Carr-Purcell-Meiboom-Gill (CPMG) pulse-train [9] applied to the S spins and to detect the decay of the S x coherence with and without proton decoupling. The p pulses in this echo train need not be closely spaced: typically, an interval 2s = 10 ms between the pulses suffices to efficiently eliminate the effect of long-range scalar couplings n J I 0 S < 10 Hz, while the larger short-range couplings retain their efficiency as a vehicle of scalar relaxation. Let A be a signal amplitude proportional to the in-phase coherence S x remaining after a CPMG pulse-train without proton decoupling, and B a similar signal with decoupling. Fig. 1 shows the ratio A/B as a function of k for a scalar coupling J IS = 98.6 Hz, a radio-frequency (RF) field with an amplitude m 1 = 6 kHz, and 2s = 10.6 ms for different numbers n CPMG of p pulses.
The longer the pulse-train, the more time there will be for scalar relaxation to occur and hence the lower the ratio A/B will be. The measurement of exchange rates will be most precise for a number n CPMG corresponding to the steepest curve at that rate. Our method is particularly advantageous for measurements of high exchange rates where k % k ex . However, one has to realize that there is always a small contribution to k due to the longitudinal relaxation of the proton. An experiment with n CPMG = 2 (hence with a total relaxation delay of 4s = 21.2 ms) suffices to detect exchange rates up to 20 · 10 3 s À1 , while for a CPMG train with n CPMG = 16 pulses (corresponding to a total relaxation delay of 32s = 169.6 ms), exchange rates as large as 10 5 s À1 can be detected, with A/B % 0.98. This result may appear surprising, considering the fact that the RF amplitudes are far smaller than the exchange rates.
In order to test the methodology, we have studied the exchange rate of the indole proton of tryptophan in water as a function of pH and temperature. In previous studies [5, 10] the highest exchange rates that could be detected were about k ex % 100 s À1 . We transferred polarization from a neighboring proton via its attached carbon-13 ( 13 C 2 ) to the indole nitrogen-15 (see Fig. 2 ). The nitrogen coherence was allowed to decay partly under a CPMG pulse train without (signal intensity A) and with (signal B) proton decoupling. The remaining in-phase coherence S x was transferred back to the proton of origin. In addition to nitrogen-15, carbon-13 labeling is necessary for this sequence. However, with cryogenically cooled probes direct detection of the nitrogen coherence is viable even at millimolar concentrations [11] . In Fig. 1 (bottom left) , an example of the results at 300 K for pH 10.1 is shown for CPMG trains with n CPMG = 2 and 8.
For a given ratio A/B two values of k are possible (see Fig. 1 .) The line-shape of the S spin spectrum in principle allows one to resolve this ambiguity. For slow exchange rates, a doublet will be observed, while for fast rates the spectrum will consist of a singlet. For the intermediate exchange regime (i.e., when the ratio A/B is close to its minimum), however, it is not so easy to distinguish between the two solutions. An easy way to obtain the exchange rate unambiguously is to diminish the intervals 2s between the p-pulses in the CPMG pulse train. In Fig. 3 (top) , the curve for n CPMG = 2 and 2s = 10.6 ms of Fig. 1 is plotted again together with a calculation for n CPMG = 4 and 2s = 5.3 ms. The total relaxation time is the same. The minimum is shifted to the right for the latter curve. On the bottom of Fig. 3 , experimental results are shown for pH 8.3 at 300 K. For 2s = 10.6 ms and n CPMG = 2, the ratio A/ B = 0.11 is compatible either with k = 213 or 702 s À1 , while for 2s = 5.3 ms and n CPMG = 4, the ratio A/B = 0.45 agrees with k = 214 or 2050 s À1 . Only the lower value k % 213 s
À1
is consistent with both experiments. A chemical exchange contribution R ex to the nitrogen line-width due to fluctuations of the isotropic shift would equally affect the signal intensities in both experiments; hence the ratio A/B would not be affected. In order to minimize the contribution of R ex to the decay of S x , one may reduce the pulse interval 2s. However, as can be seen in Fig. 3 , the ratio A/B will be less sensitive to scalar relaxation in this case. The CPMG pulse train diminishes effects of scalar relaxation due to remote protons I 0 . We found an empirical relationship A=B ¼ f1 À 6:54n CPMG J I 0 S 2 s 3 R 1 ðI 0 Þg for the longitudinal relaxation rate of the remote proton R 1 (I 0 ) < 100 s À1 . For J I 0 S ¼ 5 Hz, s = 5.3 ms, n CPMG = 16 and R 1 (I 0 ) = 2 s À1 , we obtain A/B = 0.9992. Thus the effect of remote protons can be safely neglected.
In Fig. 4 , the theoretical and experimental ratio A/B is plotted as a function of the RF amplitude m 1 , for k = 213 s À1 (2s = 10.6 ms and n CPMG = 2). For this exchange rate, the RF amplitude can be diminished to 1 kHz without affecting the ratio A/B significantly. For lower RF amplitudes, the ratio |A/B| increases dramatically, N spin S is coupled to the exchanging proton I with a scalar coupling constant J IS . The different curves correspond to different numbers n CPMG of p pulses. The spacing 2s between the p pulses was 10.6 ms, the amplitude of the RF field applied to the protons was m 1 = 6 kHz and J IS = 98.6 Hz. The parameters of these simulations, calculated as explained in the Appendix A, correspond to the experimental conditions. The curves must be recalculated for different parameters. (Bottom right) In tryptophan, the polarization is transferred from the proton indicated in blue via its attached carbon-13 to the indole nitrogen-15. After a CPMG pulse train applied to 15 N in absence or presence of proton decoupling, the nitrogen coherence S x is transferred back and detected on the proton of origin. (Bottom left) Experimental proton signals with amplitudes proportional to the indole nitrogen coherence S x of tryptophan at pH 10.1 and 300 K, for n CPMG = 2 and 8. The ratio A/B was 0.75 and 0.33 for n CPMG = 2 and 8, respectively. This corresponds to a rate k of 6.7 · 10 3 s À1 . Note that a rate k = 25 s À1 would lead to the same ratio A/B.
since the signal intensity B becomes smaller, rendering the experiment less sensitive. Moreover, the calibration of the RF amplitude becomes critical.
The ratio A/B depends on the offset of the exchanging proton. In Fig. 5 , the theoretical and experimental offset profile of the ratio A/B is plotted for k = 213 s À1 (2s = 10.6 ms, n CPMG = 2 and m 1 = 6 kHz). It is clear that one can extract the exchange rate if the offset is known. Fig. 2 . Pulse sequence used for the measurement of the indole proton exchange rate k ex . The polarization is transferred from the neighboring proton via the carbon-13 to the nitrogen-15. The coherence at the beginning of the CPMG period is thus 2N y C z . Note that this coherence might be affected by longitudinal cross-correlated relaxation between the CSA of the carbon and the carbon-proton dipole-dipole interaction. However, for the relaxation delays considered, the effects of this rate are negligible in tryptophan. Narrow filled and wide open rectangles represent p/2 and p pulses, wide open bars depict decoupling sequences, the small filled rectangles show selective p/2 pulses on the water resonance. All phases are along the x-axis unless indicated otherwise. The frequency of the proton carrier is moved from the water resonance to the resonance of the indole proton just before the CPMG period (left arrow) and back thereafter (right arrow). In experiment A no proton decoupling is applied during the CPMG period while in experiment B a continuous wave RF field or a WALTZ-16 decoupling sequence is employed. The phase cycling was / 1 = 16(y), 16(Ày); / 2 = x, Àx; / 3 = 2(x), 2(Àx); / 4 = 4(x), 4(Àx); / 5 = 8(x), 8(Àx) and the receiver phase was x, Àx, Àx, x, 2(Àx, x, x, Àx), x, Àx, Àx, x, Àx, x, x, Àx, 2(x, Àx,Àx,x), Àx, x, x, Àx. The delays for coherence transfer are s 1 = 1/(4 1 J CH ) (1.56 ms) and s 2 = 1/(4 1 J CN ) (16 ms). The sequence can easily be converted into a two-dimensional experiment by introducing a constant-time evolution period (in parentheses) for carbon-13, while incrementing / 5 for States-TPPI quadrature detection. If one includes a nitrogen-15 evolution period, one should take care to decouple the protons continuously. If this is not the case, one can apply a broadband decoupling sequence. The offset profile of the same experiment using a WALTZ-16 decoupling sequence [12] instead of continuous-wave RF field is also plotted in Fig. 5 . With WALTZ-16 decoupling, the ratio A/B is hardly affected up to offsets of 5 kHz.
In Fig. 6 (top), the extracted rates k are shown for different pH and temperatures. When possible we have also measured the relaxation rate of the 2N z H N z twospin order [5] . For low rates (k < 100 s À1 ) this experiment is more sensitive and easier to perform. As explained in the Appendix, we have taken into account the presence of 6% HDO in our sample. This leads to a correction of at most 0.012 in the ratio A/B of Fig. 1 . Note that the errors that occur when the small fraction of deuterium in the solvent is not taken into account lie within the size of the symbols of Fig. 6 . The errors in the experimental ratios A/B were about 0.5% leading to errors in k which varied from 1 to 3%. Only for the measurement of the highest k (T = 330 K and pH = 9.8) did the experimental error exceed 3% (k = 132 · 10 3 ± 24 · 10 3 s À1 ). In grey, a line with a slope of one is drawn in Fig. 6 to guide the eye. At high pH one expects a linear asymptote with a slope of 1 in this semi-logarithmic plot if one assumes a simple dependence of the exchange rates,
where k H and k OH are acid-and base-catalyzed exchange rate constants, and K W is the auto-ionization constant of water (K W = 10 À13.936 at 300 K). This is clearly not the case. In previous studies, deviations from Eq. (2) 
where the indices c, z, and a stand for the cationic, zwitterionic, and anionic forms and f for the fraction of each form, i.e., where pK a1 = 2.46 refers to the carboxyl group, while pK a2 = 9.41 is associated with the amine group. At conditions where f c is not negligible (low pH), the first term in Eq. (3) eclipses the second one. In a similar manner, the sixth term dominates the fifth term at high pH. Thus, only four of the six constants can be determined. The data at 300 K, complemented with the measurements of the decorrelation of two spin coherence 2N z H z by Skrynnikov and Ernst [5] at low pH, have been fitted to:
For the experiment that measures the decorrelation of the two spin coherence, C = R(2N z H z ), i.e., the auto-relaxation rate of the zz order, while for the new experiment that quantifies the scalar relaxation, we have C = R(2S x I z ) À R(S x ). For the fit we have assumed these constants to be equal in both experiments, since for values of k ex where the difference between the constants might be significant, only the decay of the zz order is measured. Specifically, at a pH around 5, the exchange rate k ex is so low that one cannot neglect the contribution of R(2N z H z ). In Fig. 6 (bottom), the results of the fit are shown: C = 0.37 ± 0.01 s À1 , logðk Hc =k 0 Þ = 2.90 ± 0.03, logðk Hz =k 0 Þ = 3.31 ± 0.03, logðk OHz =k 0 Þ = 8.06 ± 0.01, and logðk OHa =k 0 Þ =7.48 ± 0.03, where k 0 = 1 s À1 . Protonation of the amine leads to an enhanced OH-catalyzed exchange, while the protonation of the carboxyl group reduces the H-catalyzed exchange. This is in agreement with the results of Molday et al. [13] , who investigated the influence of neighboring side chains and adjacent peptide groups on amine exchange rates. An additional positive charge leads to a withdrawal of electrons from the indole position, thus increasing its acidity.
In conclusion, we have introduced a method to measure hydrogen exchange rates based on the comparison of the decay of the coherence of a coupling partner subjected to a CPMG pulse train with and without proton decoupling. This method allowed us to extract exchange rates up to 10 5 s À1 for the indole proton in tryptophan.
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Appendix. Effect of deuterium in the solvent
The evolution of the density matrix q during the CPMG sequence is given by
where L is the Liouvillian and R N is the operator representing a p y pulse applied to 15 N with n = n CPMG . If there are no deuterons in the solvent, and if the RF carrier is on-resonance with respect to the 15 N chemical shift, a basis of four operators {N y , 2N x H z , 2N x H x , 2N x H y } suffices to describe the system. In this case the operators L and R N are given by:
where x 1 is the amplitude of the RF field applied to the protons while X H is the offset of the exchanging proton from the carrier. Transverse relaxation of 15 N does not affect the ratio A/B. To obtain this ratio, the evolution of the density operator needs to be calculated twice according to Eq. (A.1), once with x
where f is the fraction of deuterium in the solvent (f = 0.03 in our case, corresponding to 6% HDO). We have repeated the calculation of H . This corrected value has been used in order to obtain k from Eqs. (A.1) and (A.2). One could also directly fit the results to the calculations which include deuterium, however, in practice, it was easier to fit k to the analytical expressions using the 4 · 4 matrix in Eq. (A.2). Since quadrupolar relaxation may be rapid, neglecting longitudinal auto-relaxation of deuterium may not be legitimate. However, inclusion of this rate, even if it is large, does not change the correction factor significantly. 
